In this work, a quick and effective method to synthesize carbon nanotubes (CNTs) is reported; a commercial microwave oven of 600 W at 2.45 GHz was utilized to synthesize CNTs from plasma catalytic decomposition of polyethylene. Polyethylene and silicon substrate coated with iron (III) nitrate were placed in the reaction chamber to form the synthesis stock. The CNTs were synthesized at 750
Introduction
The synthesis of carbon nanotubes (CNTs) using waste materials has received much attention in recent years. This increased focus was due to synthesis techniques becoming more expensive and time consuming. The microwaveassisted synthesis technique has attracted much attention over the conventional techniques such as chemical vapor deposition (CVD), laser ablation, Hipco, and arc discharge due to its advantages, for instance, volumetric heating, rapid reaction time, economical and environmental friendliness [1] . The basic principle of microwave heating is the transfer of electromagnetic energy to thermal energy within the material used, due to molecular interaction with the electromagnetic field. It is believed that materials are heated differently by microwaves [2] . Carbon materials have the ability to absorb microwave energy and convert it to thermal energy (dielectric tangent loss) at 2.45 GHz [3] . Thus, the need for cost effective and rapid synthesis has become important.
Innovative approach was employed in this study, with an attempt to develop a technique that can synthesize CNTs economically within short time by using commercial microwave oven in a batch synthesis process [1, 2, 4, 5] . Solid carbon source (polyethylene) was used as starting material unlike the liquid-gaseous carbon source in other techniques. To date, solid carbon materials are good microwave absorbers due to their dielectric properties which makes them conducting polymers and gives them crucial roles in CNTs growth [4] . The plasma created as a result of electromagnetic interactions provides the required temperature for catalytic decomposition of the starting materials.
Experimental
The commercial microwave oven was modified with quartz tube of volume 1860 mL. Polyethylene ((C 2 H 4 ) ) resins were used as carbon source. The carbon source has a very high dielectric tangent loss at 2.45 GHz [3] which enables fast decomposition into carbon species over the catalyst nanoparticles. Iron (III) nitrate nonahydrate (Fe(NO 3 ) 3 ⋅9H 2 O) of 1 g was diluted in 50 mL of ethanol as catalyst. The catalyst was impregnated on the silicon substrate using drop casting process and was calcinated in a furnace at 200 ∘ C for 30 minutes to evaporate the ethanol residue [6] . Polyethylene resins of 100 mg were placed on aluminum foil of 2.50 cm × 2.50 cm. The aluminum foil and coated substrate were both placed in the reaction chamber. Pressure inside the chamber was reduced to 0.81 mbar to initiate plasma formation via microwave irradiation on the tube, thus increasing growth rate and stabilization of plasma.
The carbon decomposition started few seconds after the formation of plasma. A bright purple color was observed which changed as soon as the decomposition process started [5] . A K-type thermocouple was used to measure the synthesis temperature at 750 ∘ C. The final products were allowed to reach room temperature and then collected for characterizations. The time this method took from turning on the microwave till collecting the sample was about 1 hour. The Raman spectroscopy employed was Witec Alpha 300R with laser excitation wavelength of 532 nm. Field emission scanning electron microscopy (FESEM) was carried out on a Joel JSM-7600F. High resolution transmission electron microscopy (HRTEM) images and energy dispersive X-ray (EDX) analysis were obtained using a FEI Tecnai G2 F20 X-TWIN. Thermogravimetric analysis (TGA) was carried out using Mettler thermobalance TG-50 in a Mettler TA-4000 System, with temperature ranging from 30 ∘ C to 1000 ∘ C with interval of 10 ∘ C/min under oxygen gas with flow rate of 50 mL/min.
Results and Discussion
The Raman analysis showed in Figure 1(a) indicates two prominent peaks at 1604 cm −1 and 1336 cm −1 , corresponding to ordered carbon atom, G-band and disordered carbon atom, and D-band, respectively, as a result of first-order Raman scattering. These peaks were associated with both CNTs and graphite [7] ; the CNTs quality can be estimated from intensity ratio of D-band ( D ) and G-band ( G ) [6, 8, 9] . Intensity ratio of these peaks, G / D , is calculated to be 0.98, which indicates that the graphitized material has defects [5] . The high intensity of D-band arises from the distorted carbon atoms on the surface and edges as well as sp 3 bonding which serve as impurity [1] . The small peaks at 135.81 cm −1 and 240.29 cm −1 are described as radial breathing mode (RBM), associated with SWCNTS while the peak at 519.88 cm −1 represents signal from Si substrate as depicted in Figure 1(b) . The diameter, d, of the SWCNTs is estimated from the RBM peak position, as = 248 (cm −1 )(nm)/ (cm −1 ) [10] , which yield diameters of about 1.83 nm and 1.03 nm, respectively. Figures 1(a) and 1(b) show evidence that the obtained sample is a mixture of both single-and multiwalled CNTs.
Figures 2(a) and 2(b) show FESEM morphological images of CNTs grown on silicon substrate, obtained from plasma catalytic decomposition of polyethylene. The CNTs consist of SWCNTs and MWCNTs which we could confirm due to the presence of RBM [7] . CNTs diameters are in the range of 1.03-25.00 nm and are formed in entangled bundles due to catalyst nanoparticles movement under microwave irradiation when carbon species diffuses across substrate. The CNTs are elongated and measured about 0.85 m. At high magnification, sample shows the CNTs are made up of entangled individual CNTs. The irregularities in CNTs shape and diameter are attributed to high D-band level. The arrows indicate the presence of catalyst embedded within the tube walls which is one of the characteristics of most CNTs synthesized in microwave oven [1, 11] . The encapsulated catalyst within the tubes was due to capillarity action perhaps as a result of interaction between the catalyst and substrate [1] . Figures 2(c) and 2(d) show HRTEM images which indicate CNTs are graphitized in conformity with Raman spectra and FESEM results. From these images the interlayer spacing between CNTs lattice was measured to be in the range of 3.2Å to 4.2Å. Based on the EDX analysis and TGA result, the percentage of elementary composition in the sample was revealed. Carbon is the dominant element while oxygen percentage is negligible. The TGA result shown in Figure 3 indicates a rapid oxidation of CNTs from 540 ∘ C to 640
∘ C with 90% sample weight loss; the sharp peak observed from DTGA result corresponds to this region. At 640 ∘ C the sample contains 2% residue which continues to drop gradually to 1.3% at 1000 ∘ C. The purity level of the CNTs obtained via EDX is depicted in Table 1 . From these results we could conclude that the growth mechanism of CNTs via microwave irradiation is similar to the CVD method in which the carbon atoms dissolve in catalyst particles until the dissolved materials reach saturation which results in CNTs growth. Decomposition of polyethylene molecules to individual carbon atoms as a result of volumetric heating via plasma induced by microwave irradiation [5] would be the main difference in this technique with CVD. 
Conclusions
This study has proven to be successful within a short period of time (1 hour). It offers an alternative technique of synthesizing CNTs at low cost using efficient procedures which can be scaled up for mass production. A mixture of SWCNTs and MWCNTs was obtained, similar to most chemical vapor deposition techniques. Raman spectroscopy and FESEM analysis reveal CNTs produced are in diameter range of 1.03-25.00 nm with length of about 0.85 m. HRTEM confirms that CNTs are graphitic in structure. EDX analysis shows that CNTs are produced with about 98% carbon purity. For fast synthesis of CNTs using commercial microwave oven the presence of plasma, carbon source, and catalyst is necessary.
